In cheminformatics, network representations of the space of compounds have been suggested extensively. Among these, the thresholdnetwork consists of nodes representing molecules. In this network representation, two molecules are connected by a link if the Tanimoto coefficient, a similarity measure, between them exceeds a preset threshold. However, the topology of the threshold-network is affected significantly by the preset threshold. In this study, we collected the data of biologically relevant compounds and bioactivities. We defined the weighted network where the weight of each link between the nodes equals the Tanimoto coefficient between the bioactive compounds (nodes) without using the threshold. We investigated the relationship between the strength of the link connection and the bioactivity closeness in the weighted networks. We found that compounds with significantly high or low bioactivity have a stronger connection than those in the overall network.
Introduction
The chemical space is an abstract concept but is roughly defined as a set of all possible molecules [1, 2] . In cheminformatics, the central idea that structurally similar compounds tend to share the similar chemical properties is called the similarity property principle [3] . Based on this idea, the calculation of structural similarity is performed for various purposes from drug discovery to retrosynthetic analysis [4, 5, 6] . In drug discovery, biologically relevant chemical spaces are primarily explored. Compounds exhibit biological activity in this space. For example, ligand is a compound that binds to a receptor (the target) and inhibits biological response [7] . In these circumstances, it has been extensively investigated whether compounds with a similar structure share similar bioactivity [1] .
In networks, edges represent various kinds of relationships such as interaction, social influence, and correlation between two nodes [8, 9, 10, 11, 12] . Investigating the topology of such networks affords a global view of how they are related to each other. For example, through community detection on networks, we can extract the groups of nodes each of which are densely connected. Nodes in a community can be regarded as those that are particularly interacting [13] , and having a similar feature or role [14] . 'Being similar' is a kind of relationship. Previous studies have suggested certain network representations of biologically relevant chemical spaces, where each node represents a compound and each link shows the similarity relationship between the compounds [2, 3, 4, 5, 15, 16, 17] . They investigated the topological features of the chemical subspace and examined how molecules with certain bioactivity are distributed among the network. In these studies, community detection was performed as well. Through community detection on such networks, we obtain groups containing nodes with a similar chemical structure.
Network representation of a chemical space was performed using the circular fingerprint technique and Tanimoto coefficient [17] . In circular fingerprint representation, a molecule is often represented by a vector called a fingerprint. In the vector, each index denotes a certain chemical substructure, and the entry denotes the count of the molecule substructure corresponding to the index. The Tanimoto coefficient is the most popular similarity measure between two molecules [18] . It takes a value from 0 to 1, and equals 1 if two molecules are the same. In previous studies regarding network representation based on the Tanimoto coefficient, two nodes were assumed to be connected by a link if the Tanimoto coefficient between them exceeded a preset threshold. In these studies, a threshold-dependent unweighted network is defined, known as the 'thresholdnetwork'. Furthermore, the value of the preset threshold was tuned such that the edge density was approximately 0.025. Consequently, a well-resolved community structure was obtained. Although the evaluation was not performed in detail, the visualized network demonstrated that compounds with similar bioactivity tend to form a community [17] . However, the topology of the threshold-network is affected significantly by the preset threshold. A point of concern is that the threshold-network constructed by an artificially preset threshold cannot capture the structure of the chemical space. While constructing the threshold-network, the structural information of the chemical subspace should be reduced significantly.
Hence, in the present study, we analyze the weighted network of biologically relevant chemical spaces as follows. Instead of applying a preset threshold to determine the existence of a link, we assume that two nodes (molecules) are connected by a link whose weight is the similarity between them. In particular, we are interested in discovering whether the weighted network topology can facilitate the investigation of compounds with high bioactivity. We evaluate the community structure on the weighted networks and discuss whether nodes that are strongly connected to each other share a similar activity.
Materials and Methods
To investigate the structure of biologically relevant chemical spaces, we collected data from ChEMBL (version 25), an open bioactivity database [19] . We selected 19 targets based on a previous study [17] , as shown in Table 1 . For each target, we extracted the data of compounds whose potency has been tested against the target by the measure of Ki, a kind of bioactivity. We regard the pChEMBL value of the compound as an indicator of its bioactivity [19, 20] . The larger the pChEMBL value, the stronger is the bioactivity against the target [20] . The number of compounds corresponding to each target is shown in Table 1 . Subsequently, we obtained the "Morgan fingerprints" (circular fingerprints) of these compounds using RDKit, an open-source toolkit for cheminformatics. The circular fingerprint we used in this study is Morgan fingerprint. Each fingerprint is a 2048-dimensional vector, in which the entry in each index is an integer. We calculated the Tanimoto coefficient for all pairs of compounds that correspond to each target. For two molecules that have fingerprints x i and x j , the Tanimoto coefficient T ij [18] is calculated as
Subsequently, the similarity matrix T , in which the (i, j) entry is the similarity (Tanimoto coefficient) between molecules i and j, is constructed for each target. We considered the weighted network for each target by regarding the similarity matrix as the adjacency matrix.
In weighted network analysis, not only the number of links connected to the node, but also the sum of the weight of those links should be considered [21] . The former is the degree of the node and the latter is its strength [22] . As the Tanimoto coefficient does not vanish in the case of almost all pairs of compounds, the weighted networks are almost complete and the degrees of nodes do not vary. Therefore, we examined how strength is distributed in each weighted network. To examine whether the weighted networks exhibit community structure, we applied Louvain heuristics, an algorithm used to obtain a graph partition that (locally) optimizes the modularity Q [23] . In the case of weighted networks, the modularity Q [22, 14] is defined as
where
The strength of node i, j T ij , is denoted by s i . The sum of all weights i,j T ij is 2m and c(i) denotes the community to which node i belongs. Kronecker's delta is denoted by δ; therefore, δ(x, y) equals 1 (0) when x = y (x = y). Regarding M ij , the second term on the right side of Eq. (3) represents the expected strength of the link between nodes i and j in the null-network, which is random except that it has the same strength distribution as the focal network [14] . Therefore, M ij represents how strongly nodes i and j are connected compared to the null-model.
Results
First, we show the histogram of pChEMBL value in each compound set corresponding to each target. For the three examples of networks for targets 238, 2001, and 2014, the histograms of pChEMBL values are shown in Fig. 1(a) . Few compounds have an extremely small or large value. We also observed a similar tendency in the case of other targets. Subsequently, we examined the strength of the nodes in the weighted networks. In Table 1 , we show the mean and standard deviation of the node strength in the weighted network for each target. Fig. 1(b) shows three histograms of the strength normalized by the total strength, s i / i,j T ij , in each network. As shown, many nodes share a similar strength, while a few nodes exhibit small strength. No node exhibited extremely large strength in all networks.
Finally, we investigated whether nodes connected with high similarity tend to share similar bioactivity. As explained in Sect. 2, we performed community detection. The number of communities and the modularity Q of the graph partition resulted from the Louvain heuristics is shown for each target in Table 1 . The values of modularity are low, and the community structure in each network is weak in general.
We further inspected the community structure obtained by this community detection. Some detected communities were not connected sufficiently; as such, they could not be called 'communities'. Therefore, we extracted communities that could be regarded as connected strongly. For detected community C, we defined the extent to which the nodes are strongly connected within C, Q C , as
where i,j∈C denotes the sum of all pairs of nodes within community C. Therefore, the modularity Q equals C Q C , and Q C can measure how strongly links within C are connected without considering other communities. In Figs. 2(a) -(c), we show the histograms of M ij for all pairs of nodes within each community and those in the overall network, for three targets. In these figures, only communities with Q C exceeding 0.2 are shown. Therefore, these communities have larger values of M ij than the overall network.
On the other hand, Figs In the case of target 238, the histogram of pChEMBL value for community 4 shifts to the right side compared to the overall network ( Fig. 2(d) ). Community 5 in the network for target 2014 exhibits the same feature as well ( Fig. 2(f) ). Conversely, Community 1 in the network for target 2001 comprise nodes with lower pChEMBL values than those in the overall network. In Fig. 3 , for all targets, we show the mean of pChEMBL values in each community that satisfies Q C > 0.2 and consists of more than 20 nodes. Each error bar shows the standard deviation. In some communities, the mean pChEMBL value is located far from that of the overall network. However, in most cases, this value is within the standard deviation range of that of the overall network.
In summary, although the whole community structure is weak, we observed some communities in which the nodes are connected with a large weight. In some of them, the distribution of pChEMBL value is biased compared to that of the overall network. This suggests that certain sets of compounds are similar to each other and share stronger/weaker bioactivity against the target than the compounds in general.
Subsequently, we investigated whether nodes with particularly high (low) pChEMBL values are connected to each other with a large weight. First, we collected the ⌊0.01RN ⌋ nodes whose pChEMBL values exceeded the (100−R)-th percentile, where N is the number of nodes in the network. Second, we calculated the mean of M ij for all pairs of the ⌊0.01RN ⌋ nodes. Similarly, we calculated the mean of M ij for nodes with low pChEMBL values (lower than the R-th percentile), and intermediate pChEMBL values (ranging from the (50 − R/2)-th to (50 + R/2)-th percentile). The results for these three cases are presented in Figs. 4(a) -(c), where the horizontal axis represents the ratio R and the vertical axis the mean of M ij . The mean M ij exceeded 0 when the ratio R is small in the cases of high and low pChEMBL values. The mean M ij also exceeds 0 for a small ratio R in the case of intermediate pChEMBL values, but it is much lower than the means in the other cases. The mean M ij decreases with the ratio and approaches the mean of the overall network, which approximately equals 0. Although Figs. 4(a) -(c) show only the targets 238, 2001, and 2014, we observed the same tendency in all other targets. Therefore, the sets of nodes with high/low pChEMBL values in particular are connected with stronger weights than the overall network. Figs. 4(a) -(c) show some consistency with Figs. 2(d)-(f). For target 2001, the nodes with low pChEMBL values are connected strongly ( Fig. 4(b) ) and some of them are detected as those included in Community 1 sharing a low pChEMBL value ( Fig. 2(e) ). Additionally, consistency is shown between Community 5 in the network of target 2014 ( Fig. 2(f) ) and the set of high pChEMBL values (Fig. 4(c) ). 
Discussion
In this study, we investigated the structure of biologically relevant compounds that share the same target. Previous studies have suggested the network representations of the structure. In the network representation of these compounds, a node represents a compound, and a link between two nodes is drawn if the similarity between them exceeds a preset threshold. The topology of these thresholdnetworks greatly depends on the preset threshold. Therefore, to understand the true nature of the structure, we considered the weighted network, where the weight of each link is the similarity between connecting compounds. For each target, the corresponding weighted network showed a homogeneous structure, which comprises a rare node exhibiting extremely strong bioactivity, or that connecting to other nodes with extreme strength. This homogeneity is attributable to the sample bias-the compounds in each network are those sharing the same target.
In cheminformatics, the question of whether compounds that are structurally similar share similar chemical properties needs to be elucidated [1] . We performed community detection on the weighted networks to investigate whether strongly connected nodes exhibit similar bioactivity. We found that, in general, the community structure was weak in all the weighted networks. However, we observed that nodes with high/low bioactivity against the target were connected strongly to each other compared to the nodes of the overall network. Some detected communities reflected this tendency and each of their nodes exhibited a different range of pChEMBL values compared to those in the overall network. As a practical application, such communities can help us predict whether a novel compound exhibits high bioactivity. If the novel compound is structurally similar to compounds in a community sharing high bioactivity, we can expect it to exhibit high bioactivity. Such a prediction is useful in drug discovery.
In a previous study concerning the threshold-network, community detection was performed using modularity as the quality function of graph partition [17] . The values of modularity were much greater than those in our study and a well-resolved community structures were obtained. In fact, the threshold was set to obtain high modularity without resulting in an extremely sparse community structure. The threshold was set based on network visualization, which appears to be intuitive. The weight of a link should be determined mathematically considering observations from a community structure; this is aimed to be explored in future works. For example, a definition of the weight link may be represented as a sigmoid curve
where x(∈ [0, 1]) is the similarity. As α approaches infinity, f (x) approaches 1 (0) when x > 2 −1/α (x < 2 −1/α ). This limit of β → ∞ corresponds to the construction of the threshold-network, in which the preset threshold is 2 −1/α . On the other hand, setting the weight of each link in our study corresponds to a limiting function f (x) = x, which is obtained when α, β and γ equal 1. In future works, the optimization of parameters α, β and γ should be investigated. Accordingly, it will be challenging to evaluate the efficacy of the detected community structure considering the structural similarity, bioactivity distribution, and application, for example, to drug discovery. Finally, the weighted network representation with other definitions of similarity should be considered. Although the Tanimoto coefficient is a popular similarity measure, it measures the global similarity of compounds, which is sometimes disadvantageous. The bioactivity of a compound often depends on the structure of a certain part of the compound. In some studies, networks were considered and evaluated based on other types of similarity [2, 5, 15] . Weighted networks with those similarity measures have not been investigated yet. We expect that weighted network analysis with similarity measures other than the Tanimoto coefficient can promote a better understanding of the structure-activity relationship in a biologically relevant chemical space.
